In the present study, we demonstrate that AC5 (type V adenylate cyclase) interacts with Ric8a through directly interacting at its N-terminus. Ric8a was shown to be a GEF (guanine nucleotide exchange factor) for several α subunits of heterotrimeric GTP binding proteins (Gα proteins) in vitro. Selective Gα targets of Ric8a have not yet been revealed in vivo. An interaction between AC5 and Ric8a was verified by pull-down assays, coimmunoprecipitation analyses, and co-localization in the brain. Expression of Ric8a selectively suppressed AC5 activity. Treating cells with pertussis toxin or expressing a dominant negative Gαi mutant abolished the suppressive effect of Ric8a, suggesting that interaction between the N-terminus of AC5 and a GEF (Ric8a) provides a novel pathway to fine-tune AC5 activity via a Gαi-mediated pathway.
INTRODUCTION
ACs (adenylate cyclases) are enzymes that convert ATP to cAMP upon extracellular stimuli. To date, nine different transmembrane ACs and one soluble AC have been identified, each with its own unique regulatory properties and tissue distribution. AC5 (type V adenylate cyclase) is highly expressed in the striatum of the brain and heart [1] . Low levels of AC5 have also been detected in other tissues, including the prostate, ovaries, small intestine, colon, lungs, liver, kidneys and testes. Its activity is sensitive to regulation by different pathways (including those mediated by Gαs and protein kinase C). In addition, AC5 can be inhibited by many regulators including Gαi, Gαz, RGS2 (regulator of Gprotein signalling 2), P-site inhibitors, protein kinase A-mediated phosphorylation, capacitate calcium entry and PAM (protein associated with Myc) [2] [3] [4] [5] . Binding of several AC5 regulators has also been identified. For example, Gαs proteins bind to the C2 domain [6] , whereas Gαi and RGS2 both bind to the C1 domain at two independent sites [3] .
The N-terminus of each individual AC usually has a unique amino acid sequence that is important for isoform-specific regulation [7] [8] [9] [10] . Several interacting proteins [e.g. snapin and PP2A (protein phosphatase 2A)] which bind the N-terminus of different ACs have been reported [10, 11] , suggesting that the N-terminus might function as a scaffold which selectively mediates the cross-talk between the cAMP signalling and other machinery. AC5 contains a very long N-terminus (242 amino acids) with no known function. In the present study, we report the identification of Ric8a as the first binding partner of the N-terminus of AC5. Ric8a (also known as synembryn) has been demonstrated previously to be associated with many Gα proteins in mammalian cells, including Gαs, Gαq, Gαo, Gαi and Gαi3 [12, 13] . Based on its ability to stabilize the nonguanine-nucleotide-binding form of Gα proteins in vitro, Ric8a is thought to serve as a receptor-independent GEF (guanine nucleotide exchange factor) for several Gα proteins [12] . We show herein that by binding to the N-terminus of AC5, Ric8a suppresses the activity of AC5 via a Gαi-dependent pathway.
METHODS

Plasmid constructions
The cDNA of rat AC5 (accession no. M96159) was kindly provided by Dr Richard T. Premont (Duke University Medical Center, Durham, NC, U.S.A.). A DNA fragment encoding the N-terminus of rat AC5 (amino acids 1-215; AC5N 1−215 ) was amplified by PCR using the following primers: 5 -GGAATTC-ATGTCCGGCTCCAAAAGCGTGAGC-3 and 5 -CGGGATCC-CGTTACTGCAGCAAGGCCAGGCA-3 . The resulting DNA fragment was subcloned into pET-11D (Novagen, GE Healthcare, Pharmacia Co., Uppsala, Sweden) for expression in prokaryotic cells. The cDNA fragment encoding HA (haemagglutinin)-tagged Ric8a was subcloned into pcDNA3 (Invitrogen, Carlsbad, CA, USA) for expression in eukaryotic cells, and into pET-11D or pGEX-2T (Promega, Madison, WI, USA) to produce the recombinant His 6 -Ric8a or GST (glutathione S-transferase)-Ric8a protein respectively. All resultant plasmids were analysed by nucleotide sequencing to verify the inserts.
Cell culture and transfection
HEK-293T cells [human embryonic kidney 293 cells expressing the large T-antigen of SV40 (simian virus 40)] were cultured in DMEM (Dulbecco's modified Eagle's medium) plus 10 % foetal bovine serum, 2 mM of L-glutamine, and 1 % penicillin/ streptomycin (Invitrogen GibcoBRL, Carlsbad, CA, U.S.A.) at 37
• C under 5 % CO 2 . Transfection was carried out using Lipofectamine TM 2000 (Invitrogen) based on the manufacturer's protocol. Primary striatal neurons were prepared from SpragueDawley rat brains at embryonic day 18 as described previously Abbreviations used: AC, adenylate cyclase; AC5, type V AC; C-SOM, cyclo-somatostatin; GEF, guanine nucleotide exchange factor; GST, glutathione S-transferase; HA, haemagglutinin; HEK-293T cells, human embryonic kidney 293 cells expressing the large T-antigen of SV40 (simian virus 40); PTX, pertussis toxin; RGS2, regulator of G-protein signalling 2; SST, somatostatin. 1 To whom correspondence should be addressed (email bmychern@ibms.sinica.edu.tw).
[10] and grown in Neurobasal medium supplemented with B27 (Invitrogen).
Antibody preparation
Recombinant His 6 -AC5N 1−215 or His 6 -Ric8a proteins were obtained from Escherichia coli BL21 (DE3) transformed with pET11D-AC5N 1−215 or pET151D-Ric8a respectively. The desired fusion proteins were then purified by Ni-coupled beads (Novagen, GE Healthcare) following the manufacturer's protocol, and used to immunize rabbits by a splenic injection. The resultant antibodies were respectively designated anti-AC5N and anti-Ric8a. Biotinylation of anti-AC5N was performed as described previously [10] . Affinity purification of the anti-Ric8a antiserum was conducted using a Ric8a-conjugated CNBr-column. In brief, approx. 10 mg of recombinant GST or GST-Ric8a was conjugated with CNBr beads (Pierce, Rockford, IL, U.S.A.) following the manufacturer's protocol. Purification of the anti-Ric8a antibody was carried out by first removing the antibodies recognizing GST by passing the antiserum through a CNBr-GST column, followed by a second column packed with the CNBr-GST-Ric8a beads.
SDS/PAGE and Western blot analysis
Protein concentrations were determined by using the Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad; Hercules, CA, U.S.A.). Equal amounts of sample were separated by SDS/PAGE using 8-15 % polyacrylamide gels, followed by Western blot analyses as described previously [14] . Typically, dilutions of 1:10 000 and 1:500 were used for anti-AC5N and anti-Ric8a respectively.
In vitro binding
Recombinant GST-fusion proteins were purified using glutathione-Sepharose beads (Promega) following the manufacturer's protocol. For brain tissues, pregnant and 8-week-old SpragueDawley rats were obtained from the National Laboratory Animal Center (Taipei, Taiwan). Animal experiments were performed in accordance with the National Institutes of Health Guidelines (Taiwan) under protocols approved by the Animal Care and Use Committee of Academia Sinica (Taipei, Taiwan). Brain tissues were harvested to prepare total lysates and P1 membrane fractions as described elsewhere [15] . A GST pull-down assay was conducted by incubating 20 µg of GST or GST-Ric8a with glutathione-Sepharose 4B beads in the presence of 1 ml of harvest buffer [10 mM Hepes, pH 7.3, 150 mM NaCl, 1 mM benzamidine, 5 mM EDTA, 1× Complete TM protease cocktail (Roche), 1 µM leupeptin, 10 µM PMSF and 0.5 % Triton X-100] at 4
• C for 1 h on a rolling wheel. After extensive washing using ice-cold harvest buffer, the protein-bead complexes were then incubated with the soluble P1 membrane fraction (250 µg) collected from the rat striatum or 30 µg of the purified recombinant N-terminus of AC5 (AC5N 1−215 ) at 4
• C for 1 h, washed five times with icecold harvest buffer, and resolved by SDS/PAGE and Western blot analysis.
Co-immunoprecipitation
HEK-293T cells were transfected with the indicated plasmid(s) for 72 h. Cells were lysed with 1 ml of ice-cold lysis buffer [20 mM Tris/HCl, pH 8.0, 1 % (v/v) Nonidet P-40, 140 mM NaCl, 1× Complete TM protease cocktail, 1 µM leupeptin and 10 µM PMSF] as described previously [16] . Briefly, the cell lysate (1 mg) was incubated with an anti-c-Myc antibody (9E10, Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) for 1 h at 4
• C on a rolling wheel. The complexes were then mixed with 50 µl of Protein A beads (Sigma-Aldrich, Saint Louis, MO, U.S.A.) and incubated for 1 h at 4
• C on a rolling wheel. After extensive washing with ice-cold lysis buffer, the resulting immunoprecipitation complexes were resolved on 20 µl of 4× sampling buffer, and analysed by SDS/PAGE and Western blot assay.
For the co-immunoprecipitation of AC5 and Ric8a from the striatum, membrane lysates (150 µg per reaction) were prepared as described previously [17] , and immunoprecipitated using the anti-Ric8a antiserum (10 µl) as detailed in [18] . Immunocomplexes were captured using an immunoprecipitation matrix (ExactaCruz F, Santa Cruz Biotechnology) following the manufacturer's protocol, washed extensively using an immunoprecipitation buffer [150 mM NaCl, 1 % (w/v) sodium deoxycholate, 1 % (v/v) Triton X-100, 2 mM EDTA, 1× Complete TM protease cocktail (Roche), 1 µM leupeptin and 10 µM PMSF], and analysed by SDS/PAGE and Western blotting.
AC activity and cAMP assay
AC activity was assayed as described previously [19] . AC5 activity was determined as the difference between the cyclase activities measured from the membrane fractions collected from HEK-293T cells transfected with AC5 cDNA and those of an empty vector. The intracellular cAMP content was determined as described before [19] with slight modification. Cells were washed twice with Ca 2+ -free Locke's solution (150 mM NaCl, 5.6 mM KCl, 5 mM glucose, 1 mM MgCl 2 and 10 mM Hepes, pH 7.4) containing 0.5 mM IBMX (isobutylmethylxanthine) and were then treated with the indicated reagent(s) for 20 min at room temperature (25
• C). The cAMP content was assayed using the 125 I-cAMP assay system (Amersham Biosciences, Little Chalfont, Buckinghamshire, U.K.). The results are presented as means + − S.E.M. for at least three independent experiments.
Immunocytochemistry
Animal experiments were performed under protocols approved by the Academia Sinica Institutional Animal Care and Utilization Committee, Taiwan. In brief, male B6 mice were perfused with 4 % (w/v) paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). Their brains were carefully removed and postfixed. Double immunostaining of AC5 and Ric8a was conducted using an affinity-purified anti-Ric8a antibody (10 µg/ml) and biotinylated anti-AC5N antiserum (8.3 µg/ml) as detailed elsewhere [10] . For double label immunostaining of primary neurons, cells were fixed at 8 to 9 days in vitro in 4 % (w/v) paraformaldehyde/4 % (w/v) sucrose in PBS for 30 min. CellTracker TM CM-DiI was obtained from Molecular Probes (Eugene, OR, U.S.A.). For double immunostaining of AC5 and DiI, cells were first stained with DiI (4 µg/ml) for 5 min at 37
• C, followed by a 15 min incubation at 4
• C, and then they were fixed and stained with the biotinylated anti-AC5N antibody as described above. Patterns of double immunostaining were analysed with the aid of a laser-scanning confocal microscope (LSM510, Carl Zeiss, Germany).
RESULTS
AC5
contains the longest N-terminus (amino acids 1-242) among all membrane-bound ACs. To search for novel molecules that interact specifically with the N-terminus of AC5, we used the most N-terminal fragment comprising amino acids 1-215 (designated AC5N 1−215 ) as bait to screen a mouse brain cDNA library using 15 µg) (B) or the soluble striatal membrane fractions (250 µg) (C) for 60 min at 4 • C to allow complex formation. The bound proteins were separated by SDS/PAGE (10-12 % gels), followed by Western blot analyses. GST-Ric8a, but not by GST, effectively pulled-down AC5N 1−215 (B) and AC5 harvested from the rat striatum (C). (D) HEK-293T cells were harvested 48 h after transfection with the indicated cDNAs for immunoprecipitation followed by Western blot analyses using the indicated antibodies. (E) Immunoprecipitation of endogenous Ric8a using the anti-Ric8a antibody from the striatum successfully pulled-down striatal AC5 detected using the anti-AC5N antibody. TRAX, translin-associated protein X.
the yeast 2-hybrid technique. Out of 2 × 10 6 clones screened, five candidate proteins were identified (results not shown). Among them, Ric8a is of the greatest interest due to its previous association with Gα proteins [12] . Interactions between AC5 and Ric8a were first verified by the GST-pull-down assays. Recombinant Ric8a fused to GST was prepared ( Figure 1A ). Note that some smaller proteins existed in the GST fusion protein preparations. These proteins appeared to be degradation products because they could be recognized by anti-GST antiserum ( Figure 1B ). Most importantly, recombinant GST-Ric8a (but not GST) was able to pull-down the N-terminus of AC5 (AC5N 1−215 ; Figure 1B) . We next examined whether recombinant GST-Ric8a interacted with full-length AC5 harvested from the rat striatum. Although incubation with striatal lysate caused slight degradation of GSTRic8a, the remaining GST-Ric8a was able to pull-down the fulllength AC5 protein, whereas GST alone did not ( Figure 1C ).
Interactions between AC5 and Ric8a were further confirmed by co-immunoprecipitation of AC5-myc and HA-Ric8a expressed in HEK-293T cells, while no interaction was detected between AC5 and an irrelevant protein, TRAX (translin-associated protein X; Figure 1D ) [18] . Most importantly, immunoprecipitation of endogenous Ric8a of the striatum successfully pulled-down striatal AC5 (Figure 1E ), strengthening our hypothesis that the interaction between AC5 and Ric8a occurs in vivo and is likely to be physiologically important.
The interaction between AC5 and Ric8a was further supported by co-localization of these two molecules as demonstrated by immunocytochemical staining. Using recombinant AC5N 1−215 as the antigen, we prepared a polyclonal anti-AC5 antibody (designated anti-AC5N; Figure 2A ). The anti-Ric8a antibody was raised using recombinant His 6 -Ric8a proteins ( Figure 2B ). By Western blot analyses, both antibodies recognized specific bands of the correct sizes, which disappeared with an excess amount of antigen. Regional expression profiles of AC5 and Ric8a in the brain were revealed by immunohistochemical staining using these two antibodies. Again, the addition of excess antigen abrogated the corresponding immunoreactivity ( Figures 2C and 2D ). Consistent with an earlier report using in situ hybridization [20] , AC5 was found to be highly enriched in the striatum. The expression patterns of AC5 detected using our anti-AC5N antibody and another commercially available anti-AC5 antibody (FabGennix, Shreveport, LA, U.S.A.) were identical (see Supplementary Fig ure S1 at http://www.BiochemJ.org/bj/406/bj4060383add.htm), further supporting the anti-AC5N antibody authentically detecting endogenous AC5. Co-localization of AC5 and DiI (a membrane-partitioning fluorescent dye) demonstrated the existence of AC5 in the membrane fractions of striatal neurons (see Supplementary Figure S2 at http://www.BiochemJ.org/bj/406/ bj4060383add.htm). In addition, AC5-positive signals could also be detected in the intracellular compartment ( Figure 2E ), which has also been found for other AC isoforms [10] . In contrast with the striatum-enriched pattern of AC5, Ric8a was expressed in most of the brain areas examined ( Figure 2D ). Most importantly, co-localization of AC5 with Ric8a was observed in many brain regions including the striatum ( Figure 2E ) and in primary striatal neurons ( Figure 2F ).
Ric8a was previously identified as a binding partner of several major classes of Gα protein and is thus implicated in their functions [12, 13] . This is of particular interest because Gα proteins are key regulators of AC5 [21] . We first determined whether co-expression of Ric8a affected the activity of AC5 in HEK-293T cells where AC5 and Ric8a were co-localized in the membrane fraction (see Supplementary Figure S3 at http://www. BiochemJ.org/bj/406/bj4060383add.htm). As shown in Figure 3A , Ric8a effectively suppressed the forskolin-stimulated activity of AC5, but not that of AC6. The suppressive effect of Ric8a was more obvious at high doses of forskolin ( Figure 3B ), suggesting that Ric8a might serve as a gatekeeper which prevents damage caused by over-activation of AC5 in trauma (e.g. heart failure [22] ). Note that this inhibition of AC5 activity by Ric8a was not caused by a reduction in the expression of AC5. In contrast, due to an unknown mechanism, the expression of Ric8a slightly elevated the protein level of AC5 in HEK-293T cells ( Figure 3B ). Moreover, Ric8a also markedly suppressed the activation of AC5 induced by the agonist isoprenaline [(isoproterenol)] of a Gαs-coupled receptor (β2-adrenergic receptor) in an isoform-specific manner, while the isoprenaline-evoked activity of AC6 was not affected ( Figure 3C ).
Since Ric8a has been shown to serve as a GEF of Gαi proteins that negatively regulates AC5 [12] , we next investigated the involvement of Gαi proteins in the action of Ric8a. As shown in Figure 4 (A), inactivation of Gαi/Gαo using 0.1 µg/ml PTX (pertussis toxin) eliminated the inhibitory effect of Ric8a on AC5 activity. Expression of a dominant negative Gαi mutant, Gαi2
G203T , [23] also blocked the action of Ric8a, whereas a Gαo dominant negative mutant, Gαo-XTP [24] , did not affect the inhibitory effect of Ric8a ( Figure 4B ). These observations suggest that Gαi might be involved. We noted that chronic treatment of HEK-293T cells with either PTX or Gαi2
G203T reduced AC5 activity (see the legend for Figure 4 ). This might have been due to compensation for the chronic suppression of the Gαi protein as reported previously [25] . Most interestingly, activation of Gαi by stimulating an endogenous Gαi/o-coupled receptor (the somatostatin receptor, sstr2) [26, 27 ] reduced AC5's activity as expected. Importantly, Ric8a did not further suppress AC5's activity in 
DISCUSSION
Although a handful of interacting proteins (including Gαi, Gαs, RGS2 and PAM) that bind to the catalytic domains (C1 and C2) of AC5 have been reported [3, 4, [28] [29] [30] [31] , Ric8a is a unique binding protein of AC5 because it binds to the most divergent N-terminal residues of AC5. For example, PAM was earlier found to bind to the C2 domain of AC5 and to suppress its activity [4] . Because the C2 domain of AC5 is highly conserved among the AC superfamily, PAM also inhibits several other isoforms of AC. On the contrary, the suppression of AC5 mediated by Ric8a is highly selective and isoform-specific ( Figures 3A and 3C ), because Ric8a binds to the most variable domain of AC5. Interestingly, because Ric8a also binds to Giα and Gsα, which are associated with the catalytic core of AC isoenzymes [28, 30] , immunoprecipitation of AC6 or an AC5 variant (AC5 215 ) lacking the N-terminus sometimes also pulled-down Ric8a (results not shown). Such binding between Ric8a and AC6 was most probably due to an association of Ric8a with the catalytic domains of AC via Gα proteins. It should be pointed out that our data demonstrate that only binding to the N-terminus of AC5 caused suppression of AC, since the activity of AC6 was not affected by Ric8a (Figure 3) .
Besides Ric8a, another interacting protein of AC5 (PAM) also contains a GEF domain [4, 12] . At least two GEFs (PAM and Ric8a) negatively modulate the activity of AC5 via direct binding. Note that although Ric8a is considered a G-protein activator, it is unable to activate trimeric forms of G-proteins in vitro [12] . Indeed, in the absence of AC5, Ric8a by itself did not alter AC activity ( Figures 3A and 3C ). Nevertheless, in the presence of AC5, but not AC6, Ric8a suppressed AC5 activities in a Gαi-dependent manner (Figures 3 and 4) . One attractive hypothesis is that, in the membrane environment as examined herein, binding to the N-terminus of AC5 allows Ric8a to activate Gαi proteins in the absence of receptor activation. In line with this theory, the suppressive effect of Ric8a on AC5 activity was evident even in the presence of C-SOM, which blocks the potential activation of Gαi by endogenous sstr2 ( Figure 4C ). Further study is necessary to explore whether binding with the N-terminus of AC5 stimulates GEF activity of Ric8a in vivo. In addition to interacting with Gαi, Ric8a has also been shown to bind and regulate Gαq, Gα13 and Gαo [12] ; it will be of great interest in the future to explore whether the expression of AC5 might provide an additional layer of regulation for receptor-independent G-protein activation.
